The topological properties of many materials are central to their behavior, with the dynamics of topological defects being particularly important to intrinsically out-of-equilibrium, active materials. In this paper, local manipulation of the ordering, dynamics, and topological properties of microtubule-based extensile active nematic films is demonstrated in a joint experimental and simulation study. Hydrodynamic stresses created by magnetically actuated rotation of disk-shaped colloids in proximity to the films compete with internal stresses in the active nematic, enabling local control of the motion of the +1/2 charge topological defects that are intrinsic to spontaneously turbulent active films. Sufficiently large applied stresses drive the formation of +1 charge topological vortices in the director field through the merger of two +1/2 defects. The directed motion of the defects is accompanied by ordering of the vorticity and velocity of the active flows within the film that is qualitatively unlike the response of passive viscous films. Many features of the film's response to the disk are captured by Lattice Boltzmann simulations, leading to insight into the anomalous viscoelastic nature of the active nematic. The topological vortex formation is accompanied by a rheological instability in the film that leads to significant increase in the flow velocities. Comparison of the velocity profile in vicinity of the vortex with fluid-dynamics calculations provides an estimate of film viscosity.
Topological defects in the ordered states of physical systems can play critical roles in determining their properties. In condensed matter, examples include the magnetic flux lines that penetrate type-II superconductors, dislocations in crystalline solids, and singular regions in the magnetization of ferromagnetic thin films [1] [2] [3] . These structures, which possess a conserved topological charge, have non-local effects on the order within the systems, whose dynamics can often be described in terms of the defects' particle-like motion and interactions. Further, the ability to control defect behavior is essential for many applications.
Particularly intriguing topological defect dynamics occur in active nematics, which are fluids composed of rod-like constituents that possess the orientational order of nematic liquid crystals but flow spontaneously due to an internal energy source [4] [5] [6] . Examples include cell cultures [7] [8] [9] [10] [11] , bacteria suspensions [12] [13] [14] [15] [16] , granular media [17] , and engineered systems composed of dense solutions of microtubule or actin biopolymers adsorbed at oil-water interfaces and driven by molecular motors [18, 19] . In the microtubule films, the local orientation of the microtubules defines the nematic director field n(r). Activity induced by the molecular motors causes the microtubules to slide along one another, creating extensional strains that drive bend instabilities in n(r) that lead to the perpetual creation and annihilation of pairs of defects with topological charges ±1/2. The extensional strains further propel the +1/2 defects, and the dynamics of the resulting ensemble of defects leads to striking turbulence-like flows [20] [21] [22] .
In the case of traditional liquid crystalline systems, much of their technological importance derives from the ability to address and reconfigure the order locally and dynamically. Progress toward achieving comparable manipulation of active nematics requires control of the dynamic defects. While recent experiments have demonstrated controlled, uniform flow of bulk active suspensions of microtubular filaments [23] , as well as alignment of quasi-two-dimensional (2D) active nematic systems [24, 25] , the ability to couple dynamically to local active nematic behavior has not been realized. Here, we report combined experiments and simulations in which we demonstrate and model local control of the flow properties and director field structure in active nematic films dynamically through their interaction with rotating disk-shaped colloids in proximity to the films. The hydrodynamic stresses produced by the disks alter the behavior of the active nematic by steering the motion of the topological defects, which allows us to infer anomalous viscoelastic properties of the active films. Most notably, however, we find that above a threshold applied stress, the rotating disk can entrain two +1/2 defects and induce their fusion into a single vortex structure with topological charge +1. In overcoming the innate repulsion between like-charged topological objects, which ordinarily is a critical determining factor in the dynamics of multi-defect states, this defect merger illustrates the degree of control of topological properties that can be achieved in active systems. Figure 1A shows a schematic of the experiments. Active nematic films composed of a dense layer of microtubule bundles driven by kinesin molecular motors were formed at an oil-water interface [18] , as detailed below in the Materials and Methods section. As part of the film formation, 40-µmdiameter ferromagnetic nickel disks, introduced into the aqueous phase, became positioned at a height d = 3 to 8 µm above the film with the disk faces parallel to the film. The magnetic moments of the disks lie in the disk plane, hence applied magnetic fields rotating at frequency ν in the plane of the film caused the disks to rotate about their axes. When rotated, the disks rose to a greater height above the film. For instance, at ν = 80 Hz, the disks typically reached d = 15-40 µm. We identify this rise with a possible normal force due to the non-Newtonian character of the aqueous region near the film, which contained a dilute suspension of unadsorbed microtubules. Figure 1B shows an image of a rotating disk above an active nematic film where the +1/2 and -1/2 defects are labeled. The orientation vectorsψ of the +1/2 defects [26, 27] and the directions of the instantaneous velocities of the defects self-propelled motion, which is approximately antiparallel tô ψ, are further indicated.
I. RESULTS AND DISCUSSION
Topological Vortex Formation and Decay. When the applied magnetic field was zero, and the disk was not rotating, the disk had no observable effect on the active nematic film; however, the disk was nevertheless carried along with the flow of the film, indicating a strong hydrodynamic coupling between the disks and films. Consequently, when a disk rotated, it imposed significant hydrodynamic stresses on the film, influencing the nematic order and active flows. An estimate of these stresses is provided in SI Appendix, Fig. S1 . Above a threshold rotation frequency, typically 60-120 Hz, the stresses were sufficient to drive topological transitions in the film, wherein topological vortices with +1 topological charge were created from the fusion of two +1/2 defects. Figure 2 shows a series of images of an active nematic film during creation of a topological vortex (see Movie S1). Since total topological charge must be conserved, vortex creation necessitated a change in the population of 1/2-charged defects in the film. For instance, in Fig. 2 , two +1/2 and -1/2 defect pairs are created in the vicinity of the disk (Fig. 2B ,C). The +1/2 defects spiral inward toward the disk until they merge to form the +1 vortex defect ( Fig. 2E ), leaving the -1/2 defects behind to eventually annihilate with other +1/2 defects in the film. The vicinity of the rotating disk was a frequent location for formation of 1/2-charged defect pairs, likely due to the azimuthally directed stresses coupled with the bend instability of the active nematic film, and hence formation of topological vortices commonly involved the merger of +1/2 defects that were created near the disk as in Fig. 2 . However, the +1/2 defects involved in the vortex formation sometimes originated far from the disk and became captured as they passed in proximity to the disk.
To explore further the merger of +1/2 defects into a topological object of charge +1, we conducted simulations of active nematic films coupled to rotating disks. Specifically, we solved the Beris-Edwards formulation of nematohydrodynamics, employing a Lattice-Boltzmann (LB) algorithm for the flow field and finite difference for the orienation tensor [28] [29] [30] [31] . Simulation parameters were chosen to optimize agreement with spatial and temporal correlations in vorticity seen in the experiments, thereby setting the length and time scales for the simulations, as detailed in the SI. The disk in the simulations was subjected to a constant torque to drive rotation and was coupled directly to the active nematic film by a drag coefficient ζ d-f (see Materials and Methods). Figure 3 illustrates a defect merger event in a simulation (see Movie S2) that mirrors the topological vortex formation in the experiments. A +1/2 defect was drawn from the surrounding bulk turbulence into the orbit of the rotating disk and proceeded to spiral toward the disk with its polar tail azimuthal ( Fig. 3A) . A second +1/2 defect appeared in the vicinity of the disk by a pair creation event ( Fig 3B) , and the two +1/2 defects began orbiting the disk on opposites sides from each other. As they orbited, the defects re-oriented so that eachψ pointed radially inward thereby forming a bound pair that constituted a +1 topological complex ( Fig 3C,D) . The +1 topological objects formed in the experiments and simulations hence differed in their core structure. While in the simulations the core contained two distinguishable +1/2 defects linked by a well defined local director field as seen in Fig. 3E , in the experiments the +1/2 defects merged fully to form a point-like core ( Fig. 2E ). We identify this complete merger in the experiments with a nonlinear rheological response of the microtubule-based active nematic films described in more detail below.
Such fusion of like-charge topological defects as in Fig. 2 is unusual in nature. Like-charge defects typically interact through long-range repulsion [26, 27] . Furthermore, a +1 topological vortex in a nematic has higher energy than two +1/2 defects [32] , so the merger requires external input of energy, in this case provided by the hydrodynamic stress from the disk in conjunction with the activity. As high-energy quasiparticles, the topological vortices were hence susceptible to decay. Further, since deformations of the director field in the vicinity of the +1 defect are pure bend, sustaining the configuration required suppressing the activity-driven bend instability intrinsic to the active nematic flms [33] . In the experiments, the stresses from the rotating disk could stabilize the +1 defect so that it persisted for several minutes; however, fluctuations in the disk position or local nematic order would eventually cause the vortex to decay into a pair of lower-energy +1/2 defects that then propagated away from one another ( Fig. 4A -D and Movie S3). The +1 topological structures in the simulations decayed similarly ( Fig. 4E-H) ; however, perhaps due to their more complex internal structure, they tended to decay more quickly (see Movie S4).
The speed of the defects formed in a vortex decay reached the intrinsic speed of +1/2 defects in the active nematic essentially immediately and showed no dependence on their separation, implying the effects of any elastic interactions [26, 27] between the defects were overwhelmed by their activitydriven motion [34] (See SI Appendix, Fig. S5 ). Once a vortex decayed, the stresses from the rotating disk could with time drive creation of a new vortex, so that the process repeated.
Effects of Imposed Stress on Active Nematic Structure and Flow. In addition to the striking formation of a highenergy +1 topological vortex, the hydrodynamics stresses from the rotating disk imposed more subtle effects on the nematic order and active flows. For example, Fig. 5 displays maps generated by analyzing the flows in the vicinity of a disk rotating at 120 Hz during a period in which no +1 topological vortex has formed. (See SI for image analysis details.) Figure 5A shows the instantaneous velocity field and the instantaneous vorticity, ω = ∇ × v, in the flow. Active nematics intrinsically possess regions of non-zero flow vorticity [22] , and the regions of positive and negative vorticity in Fig. 5A reflect this structure. The instantaneous flows in the simulation show similar structure, as illustrated in Fig. 5B , and further show how the propagating +1/2 defects are accompanied on either side by regions of clockwise and counter-clockwise local vortices in the flow [35] . In fact, in Fig. 5B one sees the two +1/2 defects nearest the center of the disk oriented such that their counter-clockwise flow vortices co-rotate with the flow vorticity created by the disk. This influence is apparent even at disk rotation rates well below the threshold for creating a topological vortex. For example, Fig. 6 shows a set of quantities characterizing the timeaveraged and azimuthally averaged nematic order and flow as a function of distance from the disk center in the absence of a +1 topological object. The experimental data is shown for disk rotation rates of both 120 Hz (during periods when no topological vortex forms) and 20 Hz, a rate below the threshold for vortex formation. Figure 6A shows the time-averaged flow vorticity which is positive near the disk and negative at intermediate distances. Simulations also show large positive vorticity near the disk and near-zero negative values at larger distance ( Fig. 6B ). In the simulations, the region of time-averaged negative vorticity is reproduced only when a small effective friction term [36, 37] is included to account for viscous dissipation due to the thin oil layer below the film ( Fig. 1A) , indicating the importance of such dissipation to the properties of the active flows in experiments.
Orientational ordering of the defects is shown in Fig. 6C , which displays the time-averaged and azimuthal-averaged component of the +1/2 defect orientation vectorψ along the azimuthal directionθ with respect to the disk center. The +1/2 defects in close vicinity to the rotating disk tend to orient so that ψ ·θ < 0, while farther from the disk ψ ·θ > 0. In the unperturbed active nematic, the extensional flows cause the +1/2 defects to move anti-parallel toψ as illustrated in the inset of Fig. 6C . We thus interpret the region with ψ ·θ < 0 as a tendency for the defects to orient so as to facilitate their moving in the net circulating flow seen in Fig. 5C (see Movie S5). We further interpret the region farther from the disk in which ψ ·θ > 0 as a preference for defects in that region to orient anti-parallel to those closer to the disk since such anti-parallel orientation both minimizes the elastic energy of defect interactions [27, 38] and allows favorable constructive overlap of the vorticities in the flows around the defects. Indeed, the tendency for near-neighbor +1/2 defects in active nematics to align anti-parallel has been observed in simulations [39] and experiment [19] (see also Fig. S2 ). Our simulations in Fig. 6D show an additional intermediate-distance peak at large effective rotation rates, which represents the slowing of +1/2 defects that are oriented such that they move against the disk's counter-clockwise rotation. This peak due to increased sampling of counter-moving defects is not discernible in the experimental data of Fig. 6C . Figure 6E displays the time-averaged and azimuthalaverage speed of the microtubule bundles in the film, which becomes enhanced over the average activity-induced speeds near the disk. The maximum peak beyond the disk radius is reproduced in LB simulations ( Shear Thinning of the Active Nematic. Accompanying the topological vortex formation, as in Fig. 2 , the velocity of the microtubule bundles in the vicinity of the disk increased significantly, as illustrated in Fig. 7 , which shows the velocity as a function of distance from the disk center in the presence of a vortex and prior to the vortex formation. The average intrinsic speed of the microtubules far from the disk due to the activity is shown by the dashed line in Fig. 7 . Some enhanced flow might be expected in vicinity to the vortex since the nematic director aligns with the shear flow, which is the geometry in which a nematic typically offers the lowest viscous resistance to flow [32] . However, the large size of the increase in flow velocity that accompanies vortex formation suggests additional factors. Specifically, we interpret it as a nonlinear rheological response of the film, in which a local region with reduced viscosity is created in response to the shear stress. This interpretation is supported by the simulations, where the viscosity terms are not stress dependent and not such comparably enhanced flow velocity is observed. To analyze this velocity profile, we modeled the experimental conditions in fluid dynamics calculations in COMSOL. The modeling characterized the low-Reynolds-number hydrodynamics due to a disk positioned at a height d = 35 µm above the film and rotating at ν = 80 Hz to match the experimental conditions of Fig. 7 . The model films behaved as quasi-2D fluids in which the velocity profile depended on the 2D viscosity η 2D . By varying η 2D to optimize agreement between the calculated and measured velocity profiles, we arrived at the solid curve in Fig. 7 , which corresponds to η 2D = 1.3 Pa·s·µm. (For details see the Materials and Methods and SI.) Similar analysis of the velocity profiles measured around other topological vortices leads to an average viscosity for the films in the range η 2D ≈ 0.7-5 Pa·s·µm.
This range of viscosities is approximately two orders of magnitude below the range found in a previous study of microtubule-based active nematics in which the film viscosity was estimated from the variation in +1/2 defect speed with subphase viscosity [40] . Since we identify the region of the film in vicinity of the vortex with a shear-thinned state, we expect the viscosity to be reduced. However, the difference between the measured values could also point to the problematic nature of identifying a viscosity in these out-of-equilibrium active systems. As seen with suspensions of swimming bacteria [41, 42] , and in contrast with conventional Newtonian fluids, different methods of measuring viscosity need not lead to the same result. We note that an additional complication in the interpretation of viscosity in active nematic films arises from the complex and not-yet fully understood coupling between activity, mechanical properties, and topological state of these systems.
II. CONCLUSION
In this work we have demonstrated a method to couple to and manipulate defect dynamics in an active nematic film. This capability has allowed us to characterize rheological properties of the active system, highlighting its anomalous response to external stress. Most dramatically, this response includes a change in the topological character of the nematic as two like-charge +1/2 topological defects can be drawn together and caused to merge into a single point defect with topological charge +1. This observation suggests a strategy for engineering the topology and dynamics of other classes of active matter through appropriate local forcing.
III. MATERIALS AND METHODS
See SI Appendix for full experimental methods, simulation, and modeling details.
A. Experimental Methods

Active Gel
The ingredients to fabricate the active nematic films were provided by the Brandeis University Materials Research Science and Engineering Center Biological Materials Facility. Briefly, solutions were prepared by combining appropriate quantities of microtubules, kinesin clusters, polyethylene glycol as a depletant, anti-bleaching agents, ATP, and an ATP regenerating system. The microtubules were labeled with Alex-aFluor 647 to enable video tracking of moving bundles using fluorescence microscopy.
Magnetic Disks
Ferromagnetic nickel disks (radius 20 µm, thickness 300 nm) were fabricated using photolithography methods described elsewhere [43] . The disks had an in-plane magnetic moment of approximately 1.6 × 10 −11 Am 2 (at an applied field of 3 × 10 −3 T), as determined from magnetically induced rotations of the disks at a bare oil-water interface.
Sample Preparation
Sample cells were composed of two parallel glass slides, one hydrophobically treated and one hydrophilically treated. Thin slices of tape acted as spacers to form channels between the glass surfaces. Oil was inserted into a channel followed immediately by the active nematic mixture containing a dilute dispersion of disks. The chambers were centrifuged, leading to formation at the oil-water interface of a dense film of microtubules with nematic order. Centrifugation of the sample caused the disks to go to the oil-water interface; however, they did not embed in the film but remained in the aqueous phase at a height d = 3 to 8 µm above the film and oriented with their faces parallel to the film, as depicted schematically in Fig. 1A .
Video Microscopy
Observations of the disks and films were made on an inverted microscope (Nikon TE2000) using a Flare CameraLink camera (IOIndustries). Four pairs of solenoids mounted on the microscope [44] generated rotating magnetic fields of specified magnitude and frequency in the plane of the film, thereby rotating the disks at rates up to ν = 120 Hz. Image analysis was conducted using custom Python scripts, particle imaging velocimetry (PIV) in Matlab, and ImageJ.
B. Simulations and Numerical Methods
Lattice-Boltzmann simulations
Simulations modelled the microtubule-based active nematic films by solving the equations of motion for incompressible active nematohydrodynamics. The velocity fields obey the Navier-Stokes equations, in which the stress tensor includes viscous, nemato-elastic and active contributions. The active stress is directly proportional to the 3D orientational order parameter tensor [45] , Q = S (2nn − I) /2 where S is the scalar order parameter and n is the director field. The orientation parameter evolves according to the Beris-Edwards equation of motion and the equations of motion are solved via a hybrid lattice Boltzmann (LB) and finite difference method [28] , with the discrete space and time steps defining the simulation A constant external torque was applied to a translationally fixed colloidal disk of unit thickness and density 100× that of the microtubule-based film, causing it to rotate with frequency ν through the aqueous solution above the film (Fig. 1) with a large hydrodynamic drag coefficient ζ aq = 10 su. To account for the experimental height of the disk above the film d, which is comparable to the disk radius R, the hydrodynamic coupling of the disk and the film was modelled as a drag force directly below the effective hydrodynamic radius of size 3R. The coupling strength was determined by a drag coefficient ζ d-f = {0.007, 0.01, 0.03, 0.07} su in Fig. 6 . The effective friction in the film due to the proximity of the lower substrate below the oil layer and the associated viscous dissipation was included in the Navier-Stokes equation as a Brinkman term [36, 37] with an effective friction coefficient γ = 3 × 10 −4 su, which, along with the viscosity η and density ρ, can be interpreted as a screening length ∼ η/γρ = 112 µm.
COMSOL modeling
To model the velocity profile in vicinity of a topological vortex, we performed hydrodynamic calculations numerically using COMSOL's Computational Fluid Dynamics (CFD) module to determine the low-Reynolds-number flows in the film. The modeled geometry consisted of a solid disk rotating above a high-viscosity incompressible fluid film of thickness h, diameter D, and viscosity η f , leading to 2D viscosity η 2D = hη f , surrounded by bulk, incompressible fluids with viscosity, η b = 1 mPa·s, matching those of the oil and water in the experiments (see Fig. 1 ).
Supplementary Information
Sample Preparation
A. Active Gel Fabrication. The active gel was fabricated by combining microtubules, ATP, and a premix solution that contained kinesin clusters, anti-bleaching agents, polyethylene glycol as a depletant, an ATP regeneration system, and buffer, as described in (1) . The microtubules and premix were provided by Marc Radilla from the Biological Materials Facility at Brandeis University. The final concentration of polyethylene glycol was 0.8% (w/v) and the final concentration of ATP was typically 1.4 mM.
B. Sample Cell Fabrication. Sample cells were fabricated from two glass slides. The slides were first cut to approximately 1" × 0.5" then cleaned in hot water containing 1% Hellmanex (Hellma) solution and sonicated for ∼10 minutes. One slide was made hydrophilic by coating with polyacrylamide, and the other slide was hydrophobically treated using Aquapel (Pittsburgh Glass Works). The hydrophilic treatment involved first sonicating the cleaned glass in ethanol for ten minutes, then rinsing with deionized (DI) water and sonicating in 0.1 M KOH, also for approximately ten minutes. A solution of DI water and 2% w/v acrylamide was placed under vacuum for at least 15 minutes prior to adding 0.035% tetramethylethylenediamine and 0.7 g/L ammonium persulfate. The slides were soaked in a solution of 98.5% ethanol, 1% acetic acid, and 0.5% 3-(trimethoxysilyl) propylmethacrylate for roughly 15 minutes, rinsed again, and then soaked overnight in the acrylamide solution. The slides were rinsed in DI water and dried prior to use. The hydrophobic treatment involved coating the glass in Aquapel for approximately one minute then rinsing with DI water and drying. Thin strips of double-sided tape were placed on the surface of the hydrophobic slides to create two channels of approximate dimensions 2 cm × 0.2 cm in which two active nematic films were created. The hydrophilic slides were then laid on top and pressed down onto the tape.
Fluorinated oil (HFE 7500, RAN Biotechnologies) was pipetted into a channel via capillary action. The active gel containing a dilute dispersion of magnetic disks was immediately pipetted into the same channel displacing the oil except for a thin layer adjacent to the hydrophobic surface. The sides of the cell were then sealed with Norland Optical Adhesive 81 (Norland Products), and the cell was centrifuged for 10-15 minutes at 800 rpm (103 g) in order to drive the microtubules and disks to the interface.
Estimate of Stress on Active Nematic Film from Rotating Disk
Estimates of the hydrodynamic stress imposed on the film by a disk rotating in the water layer above the film were performed using COMSOL's Computational Fluid Dynamics module. As an example, Fig. S1 displays the stress at the film surface as a function of horizontal distance r from the disk center computed for a 40 µm-diameter disk positioned 35 µm above the film and rotating at 80 Hz. The surface of the rotating disk imposed a no-slip boundary condition creating a shear flow in the water, and due to the large difference in viscosities between the water and film, we approximated the film as a stationary surface that also imposed a no-slip boundary condition on the water's flow. As shown in the inset, the stress decays as r −4 at large r, while at small values of r corresponding to the film directly under the disk, the stress increases linearly with r. Fig. S1 . Computed stress on a film surface due to shear flow in the adjacent water created by a 40-µm-diameter disk rotating at 80 Hz at a height of 35 µm above the film, plotted as a function of distance r from the center of the disk. The inset shows the stress on a log-log scale. Figure S2 displays the orientation correlation function between +1/2 defects in an active nematic film as a function of the separation ∆r of the defects. The correlation function is defined as the average value of the dot product of the orientation unit vectors, ψ (0) ·ψ(∆r) . Nearby +1/2 defects tend to be anti-aligned, as seen by the negative values of the correlation function at small separations. Fig. S2 . The orientation correlation function of +1/2 defects as a function of defect separation ∆r. The negative values at short separations indicate that nearby +1/2 defects tend to be anti-aligned. Figure S3 displays a time and spatial average of the nematic director correlation function, defined as (n(0) ·n(∆r)) 2 , obtained from analyzing a video of an active nematic film spanning 12 minutes and covering a field of view of 570 µm × 570 µm. Due to short-range nematic ordering in the active nematics, the correlation function is positive at small separations. For random relative orientations of the director, the average value of the correlation function is 0.5, which is the value reached at large separations. At intermediate separations of approximately 120 µm, the correlation function drops below 0.5. We identify the the nematic correlation length, shown by the vertical dashed line in the Fig. 5 of the main manuscript, as the location of the minimum of this region. This distance also roughly equals the average separation between defects (∼130 µm). 
+1/2-Defect Orientation Pair Correlation Function
Determination of the Nematic Correlation Length
Simulations
A. Active Nematohydrodynamics. The ATP-powered microtubule-bundles/kinesin-complexes mixture at an oil/water interface is simulated as a 2D active nematic film. Simulations numerically solve the incompressible active nematohydrodynamics equations of motions (2, 3) for the local velocity u (r; t) and nematic order Q (r; t) fields, which obey the coupled incompressible Navier-Stokes and Beris-Edwards equations
DtQ − S = ΓH.
[3]
The first of these, ∂iui = 0, ensures incompressibility, making ρ constant. The second equation (Eq. 2) is the Navier-Stokes equation, in which Dt = ∂t + u k ∂ k is the material derivative and Πij are the components of the stress. The term gi represents the external force density due to the rotating disk (see Section B) The Brinkman term γui introduces a friction coefficient γ into the film flows (4), which arises from a lubrication approximation for the dissipation within the thin viscous layer between the active film and the bottom boundary (5) . The friction coefficient screens hydrodynamic flows over distances much larger than ∼ η/γρ, where η is the viscosity of the film. We define the strain rate Eij = (∂iuj + ∂jui) /2, vorticity Wij = (∂iuj − ∂jui) /2 and Qij = Qij + δij/3. The stresses within film have four contributions (6):
1. The Newtonian viscous stress Π visc ij = 2ηEij.
2. The hydrostatic pressure Π press ij = −P δij, which is taken to be constant.
3. The nematic contribution, which itself has symmetric and antisymmetric contributions.
(a) The symmetric terms are Π LC,symm
, where Hij is the molecular field and F is the free energy. The alignment parameter λ acts to mix upper and lower convective derivative terms. Simulations are performed on a two-dimensional domain of size 400 × 400 with periodic boundary conditions for 1.5 × 10 5 time steps. The discrete space and time steps define the simulations units (su; see Section C), which are used in this section. The density is ρ = 1 and the hydrostatic pressure is P = 1/4. The Landau-de Gennes coefficients used are A = 0, B = −0.3, and C = 0.3, while the rotational diffusivity and alignment parameter are Γ = 0.34 and λ = 0.3, consistent with our previous works (7) . The dynamic viscosity is η = 2/3. The friction coefficient is γ = 3 × 10 −4 . The Frank elasticity is K = 0.1, while the activity is ζ = 5 × 10 −3 . Simulation parameters were chosen to ensure that the disk size in simulation units was large compared to the discrete lattice spacing.
To account for the hydrodynamic stresses within the nematic film due to the ferromagnetic nickel colloidal disk, we model the rotation resulting from constant external magnetic torque. For simplicity , the disk is fixed in place above the film. The density of the disk is chosen to be 100 times that of the film. In addition to the magnetic torque, the dissipative drag is −ζaqΩ, where Ω is the resulting rotation rate of the disk and ζaq = 10 is the rotational drag coefficient of the disk in the aqueous solution. The chosen values ensure that the disk's dynamics are over damped. The rotation of the disk is hydrodynamically coupled to the active flows within the film. We model the effect to be local with coupling only occurring directly below the effective hydrodynamic radius of the disk. The hydrodynamic radius R H = 25.2 is taken to be three times the geometric radius of the disk, which accurately captures the experimentally measured position of the maximum average velocity of the film. The rotating disk drags the film with a force density proportional to the differences in velocity g = ζ d-f [v (r, t) − u (r, t)], where the velocity of each element of the disk is v (r, t) = Ω (t)ẑ × r, while the force balance produces a net torque on the disk slightly modifying the rotation rate. C. Simulation Units. In this study care has been taken to match simulation units (su) to the physical conditions of the experimental system. Numerical simulations are unitless and appropriate parameters must be chosen to identify possible scalings to convert numerical results to physical units. We converted simulation length and time scales to the experiments by comparing decorrelations within the experimental and simulated vorticity fields. To determine the length unit conversion we matched the zero crossing point of the spatial vorticity auto-correlation function (Fig. S4; left) . Experimentally, the correlation length measured in this way is 60 µm. Positive correlation appears more pronounced in the idealized simulations in the near field, as do anti-correlations in the intermediate range. In our case, fitting the zero crossing point reproduces the extent of the anti-correlation range. This produces the conversion of 1 su : 2.38 µm.
The unit time conversion is determined by fitting an exponential decay to the short-lag region of the temporal vorticity auto-correlation function ( Fig. S4; right) . The experimental decorrelation is found to be 30 s. This is seen to produce good agreement, both in the short-lag positive correlation and in the intermediate-time anti-correlation. This produces the conversion of 43.7 su : 1 s. These conversions are for a specific experimental activity and oil layer thickness -we expect them to vary slightly for different experimental realizations.
Image Analysis
A. Determination of Speed and Vorticity of the Flow in the Active Nematic Films. To quantify the speed and vorticity of the active nematic films as shown in Fig. 5A of the manuscript, we employed particle image velocimetry (PIV) techniques (8) to measure the displacement of microtubule bundles in subsections of the film between adjacent video frames. These results were binned and averaged by distance relative to the center of the disk, as determined by the mean location of the disk in the image pair to produce the results shown in Fig. 6A ,E of the manuscript.
B. Quantifying Vortex Decay Dynamics.
The decay of a topological vortex proceeded by the circularly symmetric director field around the defect core elongating into an elliptical shape in which two +1/2 defects oriented toward each other (i. e., with each defect orientation vector ψ pointing toward the other defect) could quickly be identified. To characterize the time evolution of the decay process, we tracked this elongation and then the trajectories of the +1/2 defects by hand using the image processing program ImageJ. An example pair of trajectories is shown in Fig. S5 . The inset shows the distance between the +1/2 defects as a function of time. (The specific decay time in which the +1 vortex is replaced by two well-defined +1/2 defects is not clearly defined, but was about 5 s after the start of the elongation into an elliptical director field.) In Fig. S6 we plot five additional examples of the separation distance of +1/2 defect pairs produced in topological vortex decays versus time. The speeds of the +1/2 defects as they propagated away from one another were not measurably different from the typical speeds of the +1/2 defects in the film moving solely as a consequence of the activity.
C. Characterization of the Velocity Profile around a Topological Vortex.
Individual microtubule bundles in the vicinity of vortices were tracked using custom Python code which, after thresholding, found the centroids of the brightest connected features in each image. These features were then linked using Trackpy's link algorithm (9) . The trajectories were hand filtered to select only the region of active nematic with director oriented azimuthally about the vortex. The distance of each feature from the vortex core was determined, and the measured speeds of features were averaged over bins of size 10 µm, resulting in The average speed at which the two features separated was about 1.7 µm/s. For comparison, the average speed of the +1/2 defects in the film was 1.7 ± 0.5µm/s. the red data points in Fig. 7 . The blue data points in the same figure were produced using a similar method, however, since no topological vortex was present, no filtering of the trajectories was performed. The uncertainties were found by calculating the standard error of the mean of the ensemble average in each bin. Averages of the speeds of each feature were taken rather than an overall average in order to limit the affect of correlations in the data which could skew the mean and underestimate the uncertainty.
COMSOL Calculations of Velocity Profile around a Vortex
As mentioned in the main text, a region of the film in vicinity of the rotating disk experienced a large increase in flow velocity upon formation of a +1 topological vortex ( Fig. 7 of the manuscript). To model this flow profile, we performed hydrodynamic calculations numerically using COMSOL's Computational Fluid Dynamics module. The calculations mimicked the experimental geometry of a disk rotating in a fluid with the viscosity of water (10 −3 Pa·s) at a set height (35 µm) above a film of thickness 300 nm and viscosity η f , which was varied in the calculations to optimize the agreement with the experimental velocity profile. The space below the film was similarly treated as a fluid with viscosity matching that of the oil in the experiments (10 −3 Pa·s). Several thicknesses for the oil layer were tested in the calculations, and the resulting velocity profile in the film was insensitive to the layer thickness as long as it was greater than ≈ 1 µm. Since the region of enhanced film velocity in the experiments typically coincided with the region of active nematic centered on the disk in which the director field was oriented in the azimuthal direction, we modeled the film as a circle of radius R matching the size of this region. As a boundary condition we set the velocity at the edge of the circle equal to the experimentally measured speed of the surrounding active nematic (approximately 1 µm/s). Over the lifetime of a vortex, the region of azimuthally oriented director field typically fluctuated. For example, for the vortex analyzed to produce the velocity profile in Fig. 7 R varied between approximately R = 60 µm and R = 90 µm during the measurements. Therefore, we calculated velocity profiles in films with R ranging from 60 to 90 µm and took the average of these curves to compare with the data. This process was repeated for different values of η f to find the optimal agreement with the experimental data. For instance, Fig. S7 shows a set of curves that were averaged to produce the calculated curve shown in Fig. 7.   Fig. S7 . Calculated fluid velocity in a circular region of film as a function of distance from the center of the disk for a range of circle radii from 60 to 90µm in steps of 1µm. There is a boundary condition of v = 1µm/s at the outer boundary (shown by the horizontal dot-dashed line). The vertical dashed line represents the radius of the disk. These example velocity profiles were calculated using the same parameters that produced the calculated curve shown in Fig. 7 of the main text.
Movie S1. Microscopy video of the merger of two +1/2 defects into a +1 topological vortex in an active nematic film due to stresses produced by a rotating disk. The images in Fig. 2 
